Spreading depression (SD) is a pathophysiological phenomenon characterized by propagating waves of profound neuronal and glial depolarization in central nervous system gray matter. Although SD is primarily mediated by neurons with a subsequent astrocytic response, it remains unclear how astrocytic activity is modulated after SD and how altered astrocyte signaling contribute to neuronal excitability. Here, we report that after the concurrent Ca 2+ wave, SD enhanced astrocytic activity by promoting a secondary period of Ca 2+ oscillations. SD-induced Ca 2+ oscillations did not require the activation of metabotropic glutamate receptors or purinergic receptors; instead, they were mediated by the activation of GABA B receptors and 1,4,5-trisphosphate (IP 3 ) receptors. Furthermore, SD increased the number of NMDA receptor-mediated slow inward currents (SICs) in CA1 pyramidal neurons. 
Introduction
Spreading depression (SD, also termed spreading depolarization) is a propagating wave of profound depolarization of neurons and glia along with the near-complete breakdown of transmembrane ion gradients. SD has been associated with various neurological conditions, including migraine with aura, traumatic brain injury, subarachnoid hemorrhage, and malignant stroke (Lauritzen et al. 2011) . The onset of SD is followed by a series of cellular responses, including profound ionic, metabolic, morphologic, and hemodynamic changes in the brain tissue (Takano et al. 2007; Dreier 2011 ). These changes not only occur simultaneously with the onset of SD but also last into the recovery phase. Although previous studies have focused on the contribution of neurons and glia to the induction of SD, potential changes in neuron-glia communication during the recovery phase remain unexplored. These functional alterations after SD could contribute to the increased brain excitability that sometimes occurs with acute brain injuries and migraines (Gorji and Speckmann 2004; Zhang et al. 2010; Dreier et al. 2012 ).
Astrocytes are the major type of glial cells in the CNS. Their Ca 2+ signaling is crucial to many neurophysiological functions, such as control of neurovascular responses, regulation of ion homeostasis, maintenance of energy metabolism, and modification of neuronal excitability and synaptic communication (Zorec et al. 2012; Bazargani and Attwell 2016) . For example, an increase in intracellular Ca 2+ in astrocytes leads to the release of transmitters, such as glutamate and ATP, in a phenomenon known as gliotransmission (Araque et al. 2014) . Glutamate that is released by these astrocytes can activate extrasynaptic NMDA receptors and cause slow inward currents (SICs) that enhance neuronal excitability and synchrony (Fellin et al. 2004) . It is generally accepted that neurons are responsible for the induction and propagation of SD, while astrocytes appear to passively respond to neuronal changes (Seidel et al. 2016) . At the onset of SD, astrocytes exhibit concurrent Ca 2+ waves that are temporally and spatially associated with, but not required for, the propagation of SD and associated neuronal depolarization (Basarsky et al. 1998; Kunkler and Kraig 1998; Peters et al. 2003) . However, little is known regarding either glial regulation in response to the intense stimulus of SD or the potential for active glial participation in the consequent physiological and pathological responses. Here, we assessed changes in astrocytic activity during the recovery phase of SD and found that astrocytes play an active role in regulating neuronal excitation.
More specifically, we observed that after the initial concurrent Ca 2+ wave, SD further promoted an extended period of astrocytic activity that involved enhanced Ca 2+ oscillations during the recovery phase. These Ca 2+ oscillations resulted from the inositol 1,4,5-trisphosphate (IP 3 ) receptor-dependent Ca 2+ efflux from the endoplasmic reticulum (ER). These oscillatory responses did not originate from synaptic activity and were independent of metabotropic glutamate or ATP receptor activation; instead, they were mediated by the metabotropic GABA B receptors. Furthermore, SD-induced astrocytic Ca 2+ oscillations were temporally associated with elevated gliotransmission, which in turn induced SICs in pyramidal neurons. These results suggest that SD promotes Ca 2+ -dependent enhancement of glia-neuron interactions, which might contribute to the hyperexcitability seen in the brain following SD.
Materials and Methods
All experimental procedures were in accordance with NIH guidelines and were approved by the Institutional Animal Care and Use Committee of China Medical University.
Slice Preparation
Hippocampal slices were prepared from 12-21-day-old ICR mice or from the IP 3 -receptor type 2-deficient mice (IP 3 R2
-/-) of either sex. Mice were anaesthetized with Urethane and decapitated. Brains were removed into ice-cold slicing solution containing (in mM): 230 sucrose, 26 NaHCO 3 , 10 D-glucose, 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , and 10 MgSO 4 . 350 μm-thick transverse hemi-sections from hippocampus were sliced (Leica vibratome) in the slicing solution. Then, the slices were transferred to a storage chamber or the imaging chamber with fresh artificial cerebrospinal fluid (ACSF) containing the following (in mM): 128 NaCl, 2.5 KCl, 1.0 MgCl 2 , 2.0 CaCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 D-glucose, and were incubated at room temperature for > 1 h before recording. All solutions were saturated with 95% O 2 /5% CO 2 . In all pharmacological experiments, slices were pretreated with chemicals for 20 min before SD induction unless specially mentioned.
Induction and Acquisition of SD
Individual slices were transferred to a recording chamber (fast exchange diamond bath chamber from Warner ® ) with perfusion of oxygenated ACSF at room temperature. SD was induced by a brief focal ejection of 2.5 M KCl (high KCl) from a glass pipette (resistance~1-3 MΩ). The puffing pipette was placed close to the surface of the slice (z < 5 μm) in the stratum radiatum~500 μm away from the recording site ( Supplementary Fig. 1A ). In electrophysiology experiments, the onset of SD was indicated by the wellestablished SD currents in neurons, which is marked by the start of depolarization phase in the large whole-cell currents. In imaging experiments, the induction and propagation of SD was acquired by intrinsic optical signals (IOSs) that are generated by changes in tissue light transmittance or by field potential changes as reported in previous studies (Zhou et al. 2010) . Briefly, IOSs were imaged by simultaneously acquiring the two-photon near infrared laser light in the transmitted optical path with a separate photomultiplier (PMT). Normalized IOSs were defined as ΔT = (T 1 -T 0 )/T 0 , where T 1 and T 0 are transmitted light intensity of a small region in the field of view at a certain time point and at the beginning, respectively. DC-coupled field potentials were recorded in the stratum radiatum of CA1 with glass micropipettes filled with ACSF (resistance, 1-3 MΩ) and were monitored with MultiClamp 700B amplifier.
Two-Photon Laser Scanning Microscopy
Astrocytic [Ca 2+ ] i changes were imaged with a two-photon laser scanning microscope (home-built microscope fitted with a Zeiss 40X-W/0.80 numerical aperture objective lens) directly coupled to a Mai Tai HP Ti:sapphire laser (Rosenegger et al. 2014) . Astrocytes were loaded with Rhod-2-AM by incubating the slices with 20 μM of the dye (in 0.3% dimethyl sulfoxide) at 34°C for 1 h. Astrocytes were imaged from region of interest (ROI) at depths >50 μm from the slice surface in the stratum radiatum of CA1. Astrocytes were identified by their distinctive size and shape with small round soma (<15 μm) and numerous thin radiating processes (Araque et al. 2002) . Previous studies have shown that astrocytes are selectively loaded with Rhod-2-AM in hippocampal slices (Mulligan and MacVicar 2004) . To confirm this, we performed colocalization experiments, in which the slices were coloaded with (1) Rhod-2-AM and another Ca 2+ indicator, Calcium Green-AM, or (2) were coloaded with Calcium Green-AM and the specific astrocyte marker sulforhodamine 101 (Nimmerjahn et al. 2004 ). In the CA1 stratum radiatum region, the Calcium Green-AM-positive cells were highly colocalized with Rhod-2 and sulforhodamine 101 stained cells, indicating the astrocyte specificity of Rhod-2-AM staining ( Supplementary Fig. 2 ). The Rhod-2 and sulforhodamine 101 fluorophores were excited at 820-840 nm and detected with PMT detectors with a 605-nm (70 nm bandpass) filter; the Calcium Green was ecited at 820 nm and detected with a 525-nm (50 nm bandpass) filter. Rhod-2 fluorescence signals were measured from astrocyte soma and primary processes. Changes in fluorescence intensity were defined as
, where F 1 and F 0 represent fluorescence within the cell cytoplasm at any given time point and at the beginning of the experiment, respectively, and B 1 and B 0 are the background fluorescence at the same time point and at the beginning of the experiment, respectively. Background values were taken from an adjacent area of the imaged cell.
Whole-Cell Patch-Clamp Recordings
Whole-cell patch-clamp recordings were performed in CA1 pyramidal neurons or astrocytes under voltage-clamp mode using a MultiClamp 700B amplifier. Signals were acquired via a Digidata 1440 A analog-to-digital interface and were low-pass filtered at 2 kHz and digitized at 10 kHz. Patch electrodes (3-7 MΩ) were pulled from 1.5 mm outer diameter thin-walled glass capillaries in 3 stages on a Flaming-Brown micropipette puller and were filled with intracellular solutions (ICSs). Generally, the normal ICS contained 123 mM K-gluconate, 17 mM KCl, 10 mM HEPES, 1.1 mM EGTA, 0.1 mM CaCl 2 , 2 mM Na 2 -ATP, 0.5 mM Na-GTP, pH 7.25, osmolarity 290-300. The BAPTA-ICS contained 103 mM Kgluconate, 17 mM KCl, 10 mM K 4 -BAPTA, 10 mM HEPES, 2 mM Na 2 -ATP, 0.5 mM Na-GTP, pH 7.25, osmolarity: 290-300. Neuronal recordings were performed under voltage-clamp mode with a holding potential of -60 mV and were collected only if the whole-cell access resistance was consistent throughout the recording (changes <20%) and the SD-induced whole-cell currents were >5 nA. For recording SICs, all bath solutions (ACSF) contained 0.5 mM Mg 2+ and 0.5 μM TTX. The amplitudes of both SICs and postsynaptic currents were measured at the peak. The rise time was calculated by using a 20-80% criterion, and the decay time was calculated as the time constant of a single or double exponential fit. Inward currents with a rise time of >10 ms, a decay time of >50 ms, and an amplitude of >10 pA were classified as SICs (Fellin et al. 2004; D'Ascenzo et al. 2007 ). SICs during the initial 30 s following the onset SD were excluded due to drastic decrease in input resistance and capacitance currents that prevented reliable monitoring of recording quality. In astrocyte dialysis experiments, astrocytes were first identified by sulforhodamine 101 staining and then confirmed by low input resistance, high depolarized resting potentials, and passive membrane properties (Bergles and Jahr 1997; Nimmerjahn et al. 2004) . Astrocytes were recorded with voltage-clamp at a holding potential of -80 mV with BAPTA-ICS, containing 100 μM Alexa Fluor 488 hydrazide. About 15 min after establishing whole-cell recordings, when the intracellular fluorescence and BAPTA concentration became stable in a group of astrocytes, neurons were patched with normal ICS containing 100 μM Alexa Fluor 594 hydrazide to indicate the morphology of soma and primary dendrites. Trials were excluded if the neuronal dendrites extended out of the region of the dialyzed astrocytes. Images for BAPTA dialysis were acquired by an epifluorescence microscope equipped with a CCD camera and processed with ImageJ.
Data Analysis
Data in all figures are reported as mean ± standard error of mean (SEM). Statistical analysis was performed using the Prism statistical analysis program (GraphPad). Normality was tested by D'Agostino-Pearson omnibus test. One-way analysis of variance with Newman-Keuls post hoc test was used for statistical comparisons of multiple groups. Two-tailed Student's t-test was used for statistical comparisons between 2 groups. Statistical significance was defined as *P < 0.05; **P < 0.01; ***P < 0.001; n.s., no significance P ≥ 0.05.
Results

SD-induced Extended Ca 2+ Oscillations in Hippocampal Astrocytes
This study utilized a well-established in vitro SD model that involved a brief focal ejection of KCl from a glass pipette onto hippocampal slices ( Supplementary Fig. 1 ) (Ayata 2013) . Immediately following the application of KCl, waves of SD propagated outward from the site of induction ( Supplementary Fig 1A, B ), which were monitored by recording changes in IOSs within the slice. It has been well established that the onset of SD is associated with a propagating IOS transient or the negative potential shifts in the field potential ( Supplementary Fig. 1C , D) (Peters et al. 2003; Zhou et al. 2010) . Astrocytic Ca 2+ responses were detected with the Ca 2+ indicator Rhod-2-AM and observed by two-photon laser scanning microscopy at the stratum radiatum region of CA1 during and after the induction of SD (Fig. 1A-D) . In each astrocyte, the propagation of IOSs was accompanied by a propagating of Ca 2+ wave, which was measured by elevation of Rhod-2 fluorescence intensity (Fig. 1B , E, phase i). This Ca 2+ response was consistent with reports from previous studies in which Ca 2+ waves spread closely following the propagation of SD (Basarsky et al. 1998; Peters et al. 2003; Chuquet et al. 2007; Enger et al. 2015) . Because an elevated concentration of KCl can also increase neuronal excitability, it is possible that the observed astrocyte activity at the recording site was merely due to the elevation of extracellular K + levels rather than being related to the SD. To rule out this possibility, we employed several strategies to prevent extra KCl from diffusing into the recording region. We also performed control experiments to differentiate between the influence of SD and direct KCl diffusion. First, only a small amount (<10 nL) of high KCl solution was ejected from the glass pipette due to the small size of the tip and the short period of ejection (<1 s) (Peters et al. 2003) ; therefore, the extent of KCl diffusion is much more limited than the area covered by SD propagation. Second, we ensured that the site of astrocyte imaging was upstream of the site of KCl ejection in the bath solution perfusion system (Supplementary Fig. 1A ) to minimize the diffusion of KCl into the recording regions. Third, we have previously reported that the onset of SD and the effect of high KCl perfusion can be differentiated by different patterns of IOSs. Specifically, the onset of SD is characterized by a transient peak in ΔT/T ( Supplementary Fig. 1C , Supplementary Table 1) , whereas this signal is absent when high levels of KCl are present but do not evoke SD (Zhou et al. 2010) . Taken together, these strategies have minimized the influence of direct excitation of astrocytes by high KCl on our results. Furthermore, we performed control experiments to examine whether the diffusion of KCl into the recording site in the absence of SD induction evoked similar Ca 2+ dynamics in astrocytes. In these control trials, the KCl-filled electrode was placed near the ROI but at a higher position along the z-axis (~100 μm above the slice surface). This allowed the ejected KCl solution to diffuse into the imaging region without reaching a threshold concentration sufficient to induce SD, as indicated by the lack of changes in the IOS transient and field potentials ( Supplementary Fig. 3 . Here, we examined which types of metabotropic neurotransmitter receptor-mediated SD-induced Ca 2+ oscillations. We first tested the effects of blocking mGluR1, mGLuR5, and P2Y receptors by applying LY367385 (50 μM), MPEP (10 μM), and PPADS (100 μM), respectively. None of these blockers significantly inhibited either Ca 2+ waves or the post-SD Ca 2+ oscillations (Fig. 3) . Because various neurotransmitters, such as glutamate and ATP, are released together in large amounts during SD (Schock et al. 2007; Zhou et al. 2013) , it is also possible that synergetic activation of multiple types of receptors is required to sustain the Ca 2+ oscillations. To address this possibility, we applied a cocktail of blockers that contained LY341495 (50 μM) and MPEP (10 μM) to inhibit group I, II, and III mGluRs, PPADS (10 μM) and Suramin (10 μM) to nonselectively inhibit P2Y receptors, 8(p-sulfophenyl)theophylline (100 μM) to inhibit A1/A2 adenosine receptors, and TTX (1 μM) to block Na + channels. This cocktail had no effect on the Ca 2+ waves and did not significantly reduce the Ca 2+ spike frequencies or the number of responsive cells during the oscillations (Fig. 3D, F 
-H).
These data indicate that SD-induced astrocytic Ca 2+ responses
were not mediated by mGluR, purinergic, or adenosine receptor activation. Extracellular levels of GABA are significantly increased when SD occurs (Clark and Collins 1976; Fabricius et al. 1993 ). Activation of GABA B receptors on astrocytes could induce longlasting Ca 2+ oscillations in cortical and hippocampal astrocytes (Meier et al. 2008; Mariotti et al. 2016 (Fig. 4A) . When SD was induced following CPA application, astrocytic Ca 2+ levels still rose in 36.7% of the total astrocytes (n = 30 from 4 slices), although with remarkably reduced duration during the concurrent Ca 2+ wave (Fig. 4A, B) . In contrast, the secondary, post-SD Ca 2+ oscillations were blocked by the CPA treatment ( Fig. 4D-F) . In a related experiment, brain slices were treated with 2-APB, a membrane permeable antagonist of the IP 3 receptor that controls Ca 2+ efflux from the ER. After treatment with 2-APB (100 μM), SD evoked a concurrent Ca 2+ wave that was indistinguishable from that found in control slices. However, the post-SD Ca 2+ oscillations were greatly inhibited (Fig. 4C-F 
Gliotransmission to Hippocampal Neurons Enhanced by SD
We next investigated the pathophysiological consequences of increased astrocytic Ca 2+ activity on neurons after SD. Previous studies have demonstrated that astrocytes can release glutamate and lead to extrasynaptic NMDA receptor-mediated SICs in neurons . Enhanced gliotransmission could increase both neuronal excitability and synchrony and might therefore promote pathological conditions such as epilepsy (Ding et al. 2007; Carmignoto and Haydon 2012 ). Here, we tested whether signaling between astrocytes and neurons, which is assessed by measuring SICs, was also enhanced after SD. Because SICs are insensitive to TTX but sensitive to NMDA receptor blockers, we recorded whole-cell currents in hippocampal neurons with an extracellular solution containing 0.5 μM TTX along with a low Mg 2+ concentration (0.5 mM), which attenuates the Mg 2+ blockade of NMDA receptors. Under these conditions, spontaneous SICs occur with low frequency (0.14 ± 0.09 times/min). Interestingly, inducing SD substantially promoted the occurrence of SICs in hippocampal neurons (0.79 ± 0.12 times/min) (Fig. 5A , E, Supplementary  Fig. 4A ). These SICs can be differentiated from miniature postsynaptic currents by their slower rise time (108.5 ± 16.7 ms, n = 95 vs. 1.1 ± 0.2 ms, n = 53). The SICs exhibited a decay constant fitted by a single exponential function (τ = 521.3 ± 74.1 ms, n = 95; Supplemental Table 2 ), whereas the decay of miniature postsynaptic currents was fitted by a 2-term exponential function (τ1 = 5.3 ± 0.6 ms; τ2 = 66.1 ± 9.2 ms; n = 53 from 6 neurons). We next validated the sensitivity of SICs to NMDA receptor antagonists. Because the bath application of APV is known to affect the induction of SD (Lauritzen et al. 1988 ), we used two alternative strategies. First, because the propagation of an SD wave is mediated by an entire population of neurons, inhibiting a single neuron is unlikely to affect SD. Therefore, we included 1 mM of the open-channel blocker MK-801 in the intracellular recording solutions to inhibit NMDA receptors in the recorded neuron without affecting other cells (Fig. 5B) . Second, due to the latency (30-80 s) of the Ca 2+ oscillations and the SICs after SD induction, DL-APV (100 μM) was perfused onto the slice after SD had already been induced (Fig. 5C ). We found that both of these strategies significantly reduced the number and the amplitude of SICs after SD (Fig. 5F, G) . Furthermore, SICs were still induced by SD with the presence of 2 mM extracellular Mg
2+
, which represents a more physiological condition. In 2 mM Mg 2+ , spontaneous SIC was observed with a mean frequency of 0.03 ± 0.03 times/min (n = 8). After the induction of SD, SICs were still triggered but displayed a reduced frequency and amplitude compared with that in 0.5 mM Mg 2+ (Fig. 5F, G (Fig. 5D, F, G) . Pretreating the slices with either CPA (20 μM) or 2-APB (100 μM) had no effect on the SDassociated depolarization in membrane currents. However, these treatments significantly decreased the numbers but not the amplitude of SICs after SD induction (Fig. 6A, B, F, G) . These data indicate that SD-induced SICs involve activation of GABA B receptors and Ca 2+ release from the ER.
Because the bath application of either CPA or 2-APB affected intracellular Ca 2+ release in both neurons and glia, we next performed control experiments to exclude the possibility that the reduction in SICs was due to the inhibition of changes in neuronal intracellular Ca
. To address this possibility, SD-induced whole-cell currents were recorded while cytosolic Ca 2+ was
clamped by the inclusion of 10 mM BAPTA in the ICS. The intracellular application of BAPTA did not inhibit either the amplitude or the frequency of SICs, indicating that SD-induced SICs are not dependent upon neuronal intracellular Ca 2+ levels (Fig. 6C) . Furthermore, apply CPA or 2-APB to the bath was still able to reduce the number but not the amplitude of SICs after SD (Fig. 6D-G) . These results indicate that SD-induced SICs are not affected by cytosolic Ca 2+ changes in the recorded neuron.
SD-induced SICs were Suppressed by BAPTA Dialysis into the Local Astrocyte Network
To further confirm that the increase in SD-induced Ca 2+ oscillations can promote gliotransmission from astrocytes to neurons, we chelated cytosolic Ca 2+ in a group of astrocytes by BAPTA dialysis (Shigetomi et al. 2008) . To achieve this, a stratum radiatum astrocyte was patched, and 10 mM BAPTA along with Alexa 488 dye were included in the ICS. After approximately 15 min, Alexa 488 fluorescence could be visualized in a group of astrocytes (Fig. 7A) , and BAPTA was also able to diffuse into theses cells through gap junctions. Then we patched a pyramidal neuron adjacent to the dialyzed astrocytes. Using this protocol, we recorded SD-induced SICs in the neuron under conditions of cytosolic Ca 2+ chelation in the surrounding astrocytes. The data revealed that inhibiting astrocytic Ca 2+ significantly reduced the frequency of SICs following the induction of SD (Fig. 7B-D) .
SD-induced Ca 2+ Oscillations and SICs were Impaired in
In addition to the pharmacological approaches, we further examined the association between astrocytic Ca 2+ oscillations and neuronal SICs after SD in the IP 3 R2 −/− mice (Li et al. 2005 ).
The IP 3 R2 is the major subtype of IP 3 receptors expressed in astrocytes and controls the Ca 2+ release from the ER (Holtzclaw et al. 2002) . Consisting with the effects of CPA or 2-APB treatments, we found that astrocytes from IP 3 R2 −/− mice still exhibit a Ca 2+ rise at the onset of SD, but they failed to generate Ca 2+ oscillations after SD (Fig. 8A-C) . We next tested whether SD was still able to trigger SICs in the IP 3 R2 −/− mice. Spontaneous SICs occurred with a mean frequency of 0.11 ± 0.03 times/min (n = 9) in IP 3 R2 −/− mice similar to that in the wild-type mice (7.91 ± 1.17 from 12 neurons), or after MK-801 (0.80 ± 0.33 from 10 neurons, P < 0.001), APV (0.83 ± 0.30 from 6 neurons, P < 0.001), 2 mM extracellular Mg 2+ (4.25 ± 0.9 from 8 neurons, P < 0.05), or CGP 52 432 treatment (1.56 ± 0.34 from 9 neurons, P < 0.01). (G) Mean amplitude of SICs under control conditions (84.5 ± 12.4 pA, n = 95 from 12 neurons), or after MK-801 (35.5 ± 10.9 pA, n = 8 from 4 neurons, P < 0.05), APV (43.8 ± 6.9 pA, n = 5 from 4 neurons, P > 0.05), 2 mM extracellular Mg 2 + (55.8 ± 8.9, n = 35 from 8 neurons, P < 0.05), or CGP 52 432 treatment (81.1 ± 14.9 pA, n = 8 from 4 neurons, P > 0.05). Significance differences were determined by a KruskalWallis one-way ANOVA in (F) and (G).
(0.14 ± 0.09 times/min), likely due to the spontaneous glutamate release from astrocytes (Fellin et al. 2004) . After the onset of SD, the frequency of SICs increased to 0.21 ± 0.04 time/min, which was significantly lower than that of the SD-triggered SICs in the wild-type animals (0.73 ± 0.08 times/min) (Fig. 8D , E, supplementary Fig. 4B ). Considering that the expression of IP 3 R2 is confined mainly in astrocytes but is undetectable in neurons (Hertle and Yeckel 2007) , we conclude that the enhanced Ca 2+ activity in astrocytes causes SICs in neurons after SD.
Discussion
SD has been extensively studied due to its close association with migraine auras and acute brain damage. Both astrocytes and neurons are involved in the development of SD along with the resulting pathophysiological responses. Here, we found that SD triggered the enhancement of Ca 2+ oscillatory responses in astrocytes. These SD-induced Ca 2+ oscillations are mainly mediated by activation of GABA B receptors and IP 3 Rmediated Ca 2+ release from the ER. More interestingly, SD evokes a drastic enhancement in glia-to-neuron transmission as indicated by the increased incidence of SICs. Specifically chelating astrocytic Ca 2+ by the dialysis of BAPTA into the astrocyte network or by knocking out astrocytic type of IP 3 receptors strongly reduced SD-evoked SICs. Therefore, this study demonstrated that the SD-induced enhancement of astrocytic Ca 2+ oscillations results in emergence of SICs that are rarely observed under normal conditions, indicating that astrocyte-neuron interaction might contribute to the altered neuronal excitability after SD. Although neurons and glia both experience profound depolarization and repolarization during SD, it is generally believed that neurons are the primary driver and mediator of or 2-APB (53.9 ± 5.4 pA, n = 17 from 5 neurons, P > 0.05) recorded with normal ICS; and the mean amplitude of SICs under control conditions (100.0 ± 12.8 pA, n = 60 from 13 neurons), or after treatment with CPA (75.7 ± 9.3 pA, n = 23 from 8 neurons, P > 0.05) or 2-APB (76.5 ± 18.0 pA, n = 9 from 5 neurons, P > 0.05) recorded with BAPTA-ICS. Significance differences were determined by a Kruskal-Wallis one-way ANOVA.
both the initiation and propagation of SD (Pietrobon and Moskowitz 2014) . However, these results do not exclude the possibility that astrocytes play a role in SD-associated neurological events. Previous studies have demonstrated that the impaired clearance of glutamate and K + by astrocytes facilitates the induction of SD in a knock-in mouse model of familial hemiplegic migraine 2 (Capuani et al. 2016) . Additionally, increasing astrocyte glycogen levels delays the onset of SD and reduces its propagation rate (Seidel and Shuttleworth 2011) . Finally, astrocytic Ca 2+ signals are also required for SD-induced vasoconstriction (Chuquet et al. 2007) . In addition to these previous studies that suggest a role for astrocytes in ionic, metabolic, and neurovascular regulation during SD, our findings further support the idea that astrocytes play an important role in the SD recovery phase, during which astrocytes are activated and thereby promote gliotransmission. The Ca 2+ oscillations observed after SD are not merely due to the recovery of spontaneous activity. A previous study has reported that spontaneous Ca 2+ oscillations paused immediately after the SD wave had passed and then recovered in 60-80 s (Peters et al. 2003) . In this study, we report a similar time course for the Ca 2+ oscillations after the onset of SD.
However, we found that the frequency of SD-induced Ca 2+ oscillations was significantly higher than that of the spontaneous Ca 2+ oscillations, suggesting that Ca 2+ oscillations after SD represent an overall elevation of astrocyte excitability rather than a recovery of spontaneous activity.
The Ca 2+ oscillations observed after SD (phase ii in Fig. 1E) are different from the Ca 2+ waves that occur concurrent with SD ( Fig. 1E, fluorescence during cortical SD in vivo (Khennouf et al. 2016 ). In addition to temporal differences, the response pattern of Ca 2+ oscillations is also distinct from the Ca 2+ wave. During the Ca 2+ wave, most astrocytes experienced increased Ca 2+ levels corresponding to the arrival of the SD wave, whereas the Ca 2+ oscillations were less synchronized pattern among cells (Fig. 1G) release from the ER. It has been well documented by previous studies that glutamate and ATP are two of the major transmitters mediating neuron-astrocyte interaction and they are both released in large amounts during SD (Schock et al. 2007; Zhou et al. 2013; Araque et al. 2014; Hinzman et al. 2015) . However, our data showed that blocking mGluRs, P2Y, or adenosine receptors did not affect SD-enhanced astrocytic Ca 2+ excitability. The Ca 2+ oscillations is not a consequence of an upregulated synaptic transmission, since they were insensitive to TTX and CNQX. Instead, the sensitivity to CGP-52 432 indicates that the Ca 2+ oscillations after SD require the activation of metabotropic GABA B receptors. SD is characterized by a sustained and near-complete depolarization that is presumably strong enough to trigger the release of all types of synaptic vesicles. The release of GABA has been reported in SD and SD-like conditions (Clark and Collins 1976; Fabricius et al. 1993) . Application of GABA to primary cultures or brain slices raises intracellular Ca 2+ levels in astrocytes (Nilsson et al. 1993; Meier et al. 2008 ).
In cortical astrocytes, a brief application of GABA or GABA B receptor agonist could induce long-lasting Ca 2+ oscillations, which is mediated by the activation of GABA B rather than GABA A receptors. The GABA B receptor-mediated Ca 2+ response required the IP 3 R2 and was sufficient to trigger SICs in cortical pyramidal neurons (Mariotti et al. 2016) . In line with these observations, we found that the GABA B receptor-mediated mechanism is initiated by SD, and triggers an enhancement of astrocytic Ca 2+ activity that signals back to neurons.
SD-induced SICs possibly involve different mechanisms: a small fraction of IP 3 R2-independent SICs that are concentrated in the first minute after SD and a large fraction of IP 3 R2-dependent SICs that are peaked in 2-5 min after SD ( Supplementary Fig. 4 ). We confirmed that the major fraction of SICs is originated from astrocytic rather than synaptic inputs for two reasons. First, the electrophysiological properties of SDinduced currents met the well-established criteria of SIC by exhibiting a much slower rise time than synaptic currents along with significantly reduced frequency and amplitude after application of NMDA receptor blockers. Second, the incidence of SICs was largely suppressed by selectively chelating Ca 2+ in Mean amplitude after BAPTA dialysis (106.5 ± 10.7 pA, n = 75 from 9 neurons) compared with control (114.4 ± 13.3 pA, n = 39 events from 9 neurons, P > 0.05).
Significance differences were determined by a two-tailed Mann-Whitney t-test.
the astrocytes or by knock-out of IP 3 R2
-/-. The IP 3 R2 is considered the astrocyte-specific IP 3 R isoform, because its expression is only found in astrocytes but not in the neurons (Hertle and Yeckel 2007) . We found that deletion of IP 3 R2 abolished the somatic Ca 2+ oscillation after SD but did not influence the concurrent Ca 2+ wave, indicating that only the former event is IP 3 R2-dependent. Moreover, the frequency of SICs observed after SD was 70% less in IP 3 R2 -/-mice than in the wild-type mice. These results strongly indicate that SD-triggered SICs are mainly originated from astrocytes. It is unclear why a small fraction of SICs still remains in the IP 3 R2 -/-mice. It is possible that these IP 3 R2-independent events involve a neuronal mechanism, but other possibilities also exist. Interestingly, recently studies have revealed that Ca 2+ signals persist in the fine processes but not in the soma of astrocytes in the IP 3 R2 -/-mice or after depleting ER Ca 2+ by CPA in the wild-type mice (Srinivasan et al. 2015; Rungta et al. 2016) . The IP 3 R2-independent, spontaneous or agonist-evoked Ca 2+ signals likely result from the Ca 2+ release from the mitochondria (Agarwal et al. 2017 ). Therefore, it is possible that the remaining fraction of SD-induced SICs that are independent of IP 3 R2 also involves a mechanism of mitochondrial Ca 2+ efflux. This hypothesis remains to be tested. Although SICs represent the most commonly observed form of gliotransmission, spontaneous SICs occur at a very low frequency under normal conditions (Fellin et al. 2004) . SICs can be elicited by stimulating of astrocyte Ca 2+ activity, that is, applying mGluR or purinergic receptor agonists to the extracellular medium, photolytic elevation of [Ca 2+ ] i , or electrical stimulation (Angulo et al. 2004; Fellin et al. 2004 Fellin et al. , 2006 . However, these methods of elevating astrocyte Ca 2+ have been criticized as nonphysiological or nonselective (Fiacco et al. 2007) . A recent study has shown that repetitive train stimulation that mimics in vivo firing activity in the rat thalamus leads to a sustained increase in SICs, indicating that physiological stimuli can enhance gliotransmitter release (Pirttimaki et al. 2011) . Peripheral inflammation also increases spontaneous SICs in dorsal horn neurons (Bardoni et al. 2010) . Taken together, these studies have suggested that SICs can be induced not only after a forceful stimulation protocol but also under physiological or pathological conditions. Our findings reveal that SICs are associated with SD, which clinically manifests as a pathophysiological stimulus in the injured brain, and also demonstrate that gliotransmission can be modulated under neurological conditions. In conclusion, this study revealed that the pathophysiological stimuli of SD evoke Ca 2+ -regulated glutamatergic gliotransmission in the hippocampus. Such a mechanism might contribute to the altered neuronal excitability observed in neurological conditions that involve SD.
